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ABSTRACT 
 
In this project a PDMFC was fabricated using a previously recommended design. The cells 
were then tested using this design, and experiments were run using pure methanol and methanol gel. 
The main focus of this research was to successfully build the optimized design that was suggested in 
the previous work by Lugo and Rivera, and then successfully draw voltage from the finalized 
product. The experimental results show that the PDFMC can run on pure liquid methanol. 
Mathematical models were designed to illustrate the mass transfer in the Passive Direct Methanol 
Fuel Cell. Although the stack was successful, a new design is recommended. 
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NOTATION  
 
Symbol 
 
 
 
Description 
     Gibbs free energy (standard)  
     enthalpy (standard)  
     Standard thermodynamic potential  
       Standard maximum potential  
     Platinum Density  
     Ruthenium Density  
      Anode catalyst metal crystalline diameter  
      Cathode catalyst metal crystalline diameter  
    available metal surface involved in electrocatalysis in contact with ionomer  
           exchange current density, anode, reference  
           exchange current density, cathode, reference  
         concentration of methanol, reference (Standard)  
    concentration of water diluted methanol solutions  
      temperature, reference  
           partial pressure of oxygen, reference  
     transfer coefficient, cathode  
       electron stoichiometric number, anode  
     transfer coefficient, anode  
       electron stoichiometric number, cathode  
       stoichiometric coefficient of electrons in MOR  
      stoichiometric coefficient of methanol in MOR  
       effective activation energy for MOR  
       effective activation energy for ORR  
     equilibrium constant  
    anode gas diffusion layer thickness  
    Nafion® 117 membrane thickness  
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    cathode gas diffusion layer thickness  
    void fraction of gas diffusion layer, cathode (porosity) 
    void fraction of gas diffusion layer, anode (porosity)  
     partition coefficient of oxygen  
      partition coefficient of methanol through ADL  
      partition coefficient of methanol through CDL  
   electro-osmotic drag coefficient of water  
    activation energy for water viscosity  
   water molecules per sulfonic group in Nafion®  
   ratio of mutual to matrix diffusion coefficients  
    volume fraction of water formation at cathode  
      diffusion of methanol in water  
      diffusion of methanol in anode GDL  
      diffusion of oxygen in water  
      diffusion of oxygen  
    water vapor pressure in cathode  
    MEA interfacial resistance  
   Faraday's constant  
   gas constant  
   Viscosity of Water  
   Cell Voltage  
    DMFC Cell Potential theoretical  
    overpotential, anode  
    Ohmic overpotential  
    overpotential, cathode  
    Interfacial resistance  
       mole fraction of methanol in PEM  
     partition coefficient of methanol through CDL  
      exchange current density, anode  
      limiting exchange current density, anode  
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      exchange current density, cathode  
      limiting exchange current density, cathode  
       crossover current density, oxygen 
      crossover current density, methanol  
        limiting crossover current density  
     electrocatalyst roughness, anode  
     electrocatalyst roughness, cathode  
     Pt-Ru Alloy density  
        rate constant for reaction  
           concentration of oxygen, reference  
       initial concentration of methanol  
       concentration in CCL under equilib  
       concentration of methanol in PEM  
      concentration of water in PEM  
      concentration of oxygen in PEM  
     catalyst leading  
      catalyst leading  
     mass fraction of RU  
      adsorbed carbon monoxide sites  
          adsorbed carbon monoxide sites, reference  
         Concentration Profile  
       diffusion of oxygen in cathode  
        diffusion of methanol in PEM  
       diffusion of oxygen in PEM  
       Effective Methanol Permeance  
       Effective Oxygen Permeance  
      Oxygen permeance  
    void fraction of gas diffusion layer, anode (porosity)  
    dissociation equilibrium constant for acid sites  
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     percolation threshold  
    effective PEM conductivity  
   degree of dissociation 
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CHAPTER 1: INTRODUCTION  
 
Passive direct methanol fuel cells (PDMFC) are currently being researched, with new 
developments and improving efficiencies noticed over time. The main issue with the direct 
methanol fuel cell (DMFC) technology is the portability and storage of the fuel. The consumer 
does not want a bulky and dangerous cell in order to power a lamp or laptop. The conventional 
DMFC and their extra equipment are simply too large to feasibly power small appliances. The 
following research conducted is concerned with the improvement and fabrication of passive 
direct methanol fuel cells (PDMFC).  
These cells do not need balance of plant equipment to feed fuel into the fuel cell, which 
passively diffuses into the cells, or to remove products or heat. The design of a PDFMC 
comprises mainly of a chamber in which to store the fuel, which allows the fuel to passively 
diffuse into each cell, and ultimately the membrane electrode assembly (MEA) in the stack. The 
design of the entire stack affects the portability and performance. The fuel type, whether it is 
pure or diluted methanol or even a methanol gel, affects the performance as well, which must be 
taken into consideration when designing the PDMFC.  
The next chapter provides a thorough background on the history of the development of 
the DMFC and the PDMFC, leading up to the most recent designs and applications. The 
fabrication of the PDFMC in this research is described in the third chapter, along with the 
assembly of the stacks. Many studies have been done on different MEAs and current collectors, 
resulting in varying opinions on the construction of an ideal PDMFC.  Using considerations from 
past research, the goal of this research was to improve the performance of PDMFC’s using 
recommended hardware and assembly methods. Chapter 3 provides details of the PDMFC design 
and experimental methodology, while Chapter 4 provides theoretical considerations. Chapter 5 
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describes the experimental performance results obtained. Finally, Chapter 6 provides conclusions 
of this study, and recommendations for future work. 
As is the case with any new technology, there are is abundance of issues that must be 
looked at when a PDMFC is tested. These issues can be caused by the hardware used to build the 
stack along with any leakage allowed by the design of the stack. The most important issue is to 
keep the cells airtight, preventing fuel from escaping and also preventing air and contaminants to 
leak into the fuel compartment and decrease the performance of the stack. A lot of attention must 
be paid to the fabrication and design of each individual piece of the cells and overall stack. The 
starvation of individual cells due to the physical placement of the cells can also be a major issue. 
The current stack has 8 cells with 4 on each half of the stack all equally spaced from each other. 
It has been found that methanol diffuses upwards, starving the bottom cells and this must be 
taken into consideration. The fuel chamber in the latest PDFMC can be fitted with an absorbent 
pad, which can soak neat methanol fuel and distribute it more equally to each of the cells. This, 
of course, does not address the methanol crossover and performance issues that are fully 
explained in Chapter 2. 
Methanol as a fuel is inexpensive and readily available as a liquid or gel. This is an 
advantage due to the volatile nature and decreased portability of other fuels such as hydrogen. 
The passive nature of the PDMFC construction allows for a longer durability and a high 
efficiency, as no energy is used in fans, pumps, or exchangers that may be required in other fuel 
cells or engines. PDMFC’s are completely silent and can continuously produce energy as long as 
fuel is fed to the chamber. Costs of PDMFC’s can be high due to the expensive nature of catalyst 
and Nafion membranes employed. 
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In today’s market where sustainability is a major consideration, a passive direct methanol 
fuel cell provides a viable option for powering small appliances with minimal waste and high 
efficiency. The current research hopes to provide results toward the development of a practical 
PDMFC to power to portable devices, while cutting down on cost and maximizing the 
performance. 
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CHAPTER 2: BACKGROUND  
 This chapter provides the necessary background along with a review of the relevant 
literature. 
2.1 Direct Methanol Fuel Cells 
 
2.1.1 Conventional Direct Methanol Fuel Cells  
A Direct Methanol Fuel Cell (DMFC) is composed of several layers. There is an anode 
bipolar plate, a cathode bipolar plate, a membrane electrode assembly (MEA) that consists of an 
anode and a cathode gas diffusion layer (GDL), and a proton exchange membrane (PEM). These 
layers can be seen in Figure 1. 
 
 
Figure 1: DMFC Schematic [1] 
 
The MEA has a positive and negative side, which are, respectively, the cathode and 
anode. The methanol oxidation reaction (MOR) and the oxygen reduction reaction (ORR) take 
place on these electrodes. The MOR produces electrons, while the ORR consumes electrons. 
This production and consumption of electrons creates a current that is collected through the two 
bipolar plates. They are usually constructed from a conductive material, like graphite to 
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maximize the flow of electrons. The plates sheath the MEA and feed methanol at the anode and 
O2 at the cathode. They simultaneously remove any products, such as CO2 bubbles. The bipolar 
plates are constructed with a unique flow pattern, which assists in the uniform spread of the 
methanol and oxygen across the anode and cathode. The shapes of the fuel flow channels in the 
plates are important, as an optimal design can enhance mass transfer, and eliminate kinetic and 
electric limitations. The predominant flow pattern used is a serpentine channel, although other 
paths are used with limited success. In a passive fuel cell these paths are usually omitted, due to 
the lack of pumps and compressors to move the fuel. The bipolar plates separate the gases 
between the cells, as well as providing a conductive medium between the anode and the cathode. 
The plates provide a solid structure as well as transfer heat out of the cell. 
Bipolar plates are required to be impermeable to gases and must have a good electrical 
conductivity. The plates must have a good balance between conductivity, strength, size and 
weight, since the fuel cell must be portable and durable. These plates must have a good 
resistance to corrosion and must be easily manufactured in a large quantity to reduce overall cost.  
The GDL is a porous and conductive material that allows the flow of O2 in and expels 
CO2 and H2O. The GDL is composed of a conductive carbon paper or carbon cloth that 
distributes fuel and products to and from the anode and cathode. A very useful quality of the 
GDL is that it helps disperse the heat generated by the reactions and electrical currents in the fuel 
cell. The layer can be treated with polytetrafluoroethylene in order to wet proof it, as well as 
treating it with a hydrophilic anode backing layer [2]. This treatment would improve the life of 
the cell and the overall performance. A sample GDL is shown in Figure 2. 
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Figure 2: Gas Diffusion Layer[3] 
The catalyst, which is necessary to promote both half-cell reactions, is comprised 
primarily of platinum (Pt) and ruthenium (Ru) alloy at the anode and just platinum at the 
cathode. [4]  Increasing the loading of the catalyst improves the DMFC performance, but also 
increases the cost of the MEA and the fuel cell as a whole. At the anode, a pure metal catalyst is 
not capable of activating methanol because the CO generated by the MOR, as an intermediate, 
binds to the catalyst blocking the sites the methanol needs to react. The ruthenium is used to 
create hydroxide (OH) plus another proton and electron by the decomposition of water. The CO 
then reacts with the hydroxide to produce carbon dioxide, as well as, another proton and electron. 
The reactions at both the anode and cathode are shown in Table 1. 
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Table 1: Chemical Equations 
 
Equation 
Anode 
 
oxidation 
Cathode  
reduction 
Overall reaction  
redox reaction 
 
 The final component in a conventional direct methanol fuel cell is the membrane that 
separates the cathode from the anode. This membrane is made out of a nafion, which is a 
sulfonated tetrafluoroethylene polymer. The role of the nafion membrane is to allow the flow of 
water and protons from the anode to the cathode without allowing oxygen or methanol through. 
The protons that are created in the oxidation reaction pass through the nafion membrane by 
moving from one sulfonic acid group to another within the nafion structure. The reason nafion 
has been chosen as the primary PEM is because if it’s high conductivity to cations along with 
having a high mechanical and thermal stability. One of the main drawbacks to the nafion 
membrane is its high permeability to water [5]. Even though the membrane is supposed to allow 
the flow of water, methanol is able to dissolve in the water and travel through the nafion 
membrane. Once at the cathode this methanol undergoes the oxidation reaction just as it would at 
the anode catalyst, which causes over potentials. These problems seen in the nafion membrane 
has led to more research into different types of membranes used for direct methanol fuel cells. 
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2.1.2 Alkaline Anion Exchange Membrane Direct Methanol Fuel Cell 
 In conventional direct methanol fuel cells the MEA is usually made up of a proton 
exchange membrane. In an alkaline anion exchange membrane DMFC the MEA is made up of 
an alkali anion exchange membrane (AAEM). This is a semipermeable membrane made from 
ionomer that is impermeable to gases but allows the conduction of anions. The AAEM still plays 
the same role as the PEM does in a conventional DMFC, but it has different features [6]. 
One of the biggest improvements seen with these membranes is the kinetics of the ORR 
and MOR are faster. The kinetics for the reactions occurs at a higher rate because the 
intermediates formed at the electrolytes have much weaker bonds to the catalytic sites. Weaker 
bonding of intermediates to these sites allows for more methanol and oxygen to reach the sites 
where the reaction occurs. With weaker bonding of intermediates and faster kinetics the catalyst 
loading used in an AAEM MEA is lower than that of a PEM MEA. Using less catalyst greatly 
reduces the total cost of the cell because the platinum used is very expensive [6].  
Also the environment in the AAEM MEA is less corrosive that its PEM counterpart. In a 
less corrosive environment it is possible to use catalyst other than Pt and Ru. Not only could this 
lower the total cost of the cell, but it also introduces the possibility of finding catalysts that are 
more selective. Having a catalyst that is more selective would reduce the risk of methanol and 
oxygen cross over. This would be accomplished by having a catalyst on the anode side that only 
reacts with the methanol, while the cathode side would only react with oxygen. These more 
reactive catalysts could end up in the development of mixed fuel sources [7]. A mixed fuel 
source cells would not need bipolar plates because the oxygen and fuel could be both placed in 
the fuel chamber as a mixture. The advantages of not needing the bipolar plates would be a 
reduction in cost and a reduction in size. The size reduction is very appealing because fuel cells 
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are poised to replace batteries. So size is one of the factors hindering fuel cells from replacing 
batteries [8]. 
 Another advantage AAEM’s may have over PEM’s is the decrease in methanol 
crossover. Even though AAEMs are still a young technology early signs have shown better 
resistance to methanol crossover. In this fuel cell the membrane that is used is made up of 
polyvinylidene fluoride-polystyrene sulfonic acid. Using this membrane the elector-osmotic flow 
for water is from cathode to anode. There is more resistance to crossover because the electro-
osmotic flux flowing from the cathode to the anode hinders the flow of methanol to the cathode. 
Even though a decrease in methanol crossover should allow the AAEM’s to perform better than 
the PEM’s that is not the case [7]. 
 One of the biggest problems plaguing the AAEM is the fact that their performance drops 
at higher current densities. Figure 3 below shows the polarization curve for both a PEM cell and 
a AAEM cell operating at the same conditions. At higher current densities CO2 is produced more 
rapidly in the AAEM. These CO2 molecules react with the OH molecules to form bicarbonates. 
When these OH molecules react with the CO2 rather than the MeOH the conductivity of the cell 
is reduced. This reduction in conductivity can be seen as a drop in performance at higher current 
densities for the AAEM. One way found to reduce this effect is to use aqueous potassium 
hydroxide (KOH) to allow OH molecules to be efficiently supplied to the anode instead of 
reacting with CO2 [7]. 
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Figure 3: Polarization Comparison for PEM and AAEM MEAs [7] 
 
 
2.1.3 Anionic-Cationic Bi-Cell Direct Methanol Fuel Cell 
 In an anionic-cationic bi-cell an anion exchange membrane (AEM) and a PEM are 
connected in series and share the same fuel tank. In order to connect these two MEAs in series 
the cathode at the anionic cell had to be connected to the acidic cell’s anode. The reason two 
different MEA’s are used in this type of fuel cell is because the two electrodes are at nearly the 
same potential resulting in little to no current loss. Figure 4 shows a schematic drawing of the bi-
cell [9]. 
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Figure 4: Schematic Drawing of an AEM-PEM bi-cell[9] 
 
 In the schematic above the PEM and the AEM work together to produce a voltage. The 
combination of a, b, and c is the PEM part of the cell and the combination of d, e, and f is the 
AEM cell. The AEM reaction at the anode produces both OH
-
 and H2O molecules. The OH
-
 
molecules pass through the AEM membrane and react at the AEM cathode. The water that is 
produced is allowed to pass through the methanol fuel chamber to then be consumed at the PEM 
anode. This combination of membranes helps with the water management of the cell because it is 
produced at one end and consumed at the other [9]. 
In a PEM-PEM bi-cell there is a current flow of around 4µA between the anode and the 
cathode. In the AEM-PEM bi-cell there is no current flow from the anode to the cathode. Having 
the two electrodes at the same potential and no current flow lowers the chance of shorting the 
circuiting in the bi-cell. Figure 5 compares the polarization curve of both the PEM and AEM 
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under the same conditions. It can be seen that the AEM passive cathode has a similar potential as 
the PEM anode [9]. 
 
Figure 5: Polarization curves of PEM and AEM [9] 
 
 Similar potentials between the anode and cathode are not the only advantage seen when 
using an AEM-PEM bi-cell. Another big advantage is the water management seen in the bi-cell 
stack. Water is produced at both the cathode and the anode of the AEM, but it is also consumed 
at the cathode of the AEM and the anode of the PEM. This consumption and generation of water 
makes the bi-cell self-sufficient in water management [9]. 
2.1.4 Micro Direct Methanol Fuel Cell 
One new focus is on reducing the size of the DMFC stack for use in portable 
applications. A micro DMFC is composed of two distributors, an anode monopolar plate, three 
one-side bipolar plate, and four pairs of electrodes. The anode side uses an n-inlet and an n-outlet 
(NINO) flow fields to properly distribute the methanol fuel. The NINO flow fields are able to 
improve the transport efficiency of the fuel to the anode by improving the transport of CO2 away 
from the anode. Figure 6 shows a schematic of the micro DMFC. [10] 
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Figure 6: Schematic of the micro DMFC [10] 
 
 
One of the biggest improvements for performance in the micro DMFC is the use of the 
NINO flow fields instead of conventional parallel flow fields. Figure 7 shows that the 
conventional flow fields are out performed by the NINO flow fields. One of the main reasons 
this occurs is because the conventional flow fields result in non-equal distribution of the fuel. At 
higher pressures, as seen with the NINO, the velocity of the methanol from the flow channels to 
the GDL is increased. Increased pressure also decreases the size of CO2 bubbles that form in the 
flow fields. Decreasing the size of these bubbles reduces the amount of methanol that is blocked 
from the anode reaction sites [10]. 
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Figure 7: Compares power density of conventional and NINO flow fields [10] 
 
2.1.5 DMFC Performance 
 Direct Methanol Fuel Cells (DMFC) are one of the only competitors to H2-O2 polymer 
electrolyte membrane fuel cells for low temperature cells. DMFC’s are able to run under 
temperatures of 100° C, which greatly reduces the cost of these cells [11]. The first performance 
advantage seen in the DMFC is the fact that the fuel is methanol instead of hydrogen. Methanol 
has a theoretical energy density of 6100 W h/kg [12]. The advantages of using methanol instead 
of hydrogen do not stop there. It is also easier to store and transport methanol than it is for 
hydrogen. Hydrogen is costly and difficult to compress and is very dangerous to transport 
because of its high pressure [11]. 
DMFC’s are made up of anode and cathode ends with a Membrane Electrode Assembly 
(MEA) that contains that GDL, the catalysts, and the Proton-Exchange Membrane [11]. At the 
anode side of the cell, the partial methanol oxidation reaction (MOR) occurs as shown below: 
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The CO is adsorbed on the Pt catalyst sites, which block the methanol from undergoing the 
oxidation reaction. From the equation above, it appears that the methanol at the anode side has 
only reacted to produce 4 protons and 4 electrons. When looking at the overall equations, at the 
anode side it can be seen that methanol reacts to form a total of 6 protons and 6 electrons. This is 
accomplished by adding ruthenium to the platinum catalysts. The function of the ruthenium in 
the catalyst is to decompose the water at the anode in to hydroxide radicals (OH). The OH 
radicals formed are then able to react with the CO intermediate to generate CO2 plus 2 more 
protons and electrons. [2]. The equations for the intermediate steps can be seen below: 
          
      
               
      
At 25° C and 1 atm, the reversible potential available in the methanol oxidation reaction 
is 1.18V [13]. However, this maximum voltage is never actually obtained in a DMFC because of 
different polarization losses. Polarization is the drop in performance from OCV when an electric 
current is applied to the fuel cell. This drop in voltage is the result of different mass and current 
transports that lead to overpotentials. Below Figure 8 shows a typical polarization curve for a 
fuel cell: 
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Figure 8: Polarization curve for DMFC [14] 
 
 
Region I from the figure above gets its shape from the activation overpotential of the 
DMFC. This activation overpotential is present because of the kinetics of the reactions at the 
anode as well as at the cathode. The activation overpotential at the cathode for the ORR is also 
extremely large, in addition to the overpotential for the MOR, which is substantial because of 
CO adsorption and water dissociation. The drop in region II is a lot slower than the rapid drop in 
region I and has more of a pseudolinear shape. In this region the pseudolinear shape is a result of 
ohmic overpotentials due to the resistance of different fuel cell components, especially in the 
PEM. These internal resistances slow the flow of electrons, and the flow of ions through the 
electrolyte membrane. The final region, region III, is a result of mass transfer limited 
overpotentials. Since the mass transfer rates are slow within a DMFC at higher current densities 
this slow rate begins to limit reactant supply. At slow reactant rates the electrodes have less 
material to react, which decreases the voltage [14]. 
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2.1.6 DMFC Issues 
 Even though DMFC’s could offer a promising future in the field of energy, as of now 
there are too many issues that they encounter that prevent them from being widely used. The 
biggest problem found in DMFC’s is methanol crossover. Methanol crossover occurs when the 
methanol absorbs through the MEA and travels from the anode to the cathode. Once at the 
cathode the methanol begins to react as it would at the anode side [11]. However, when the MOR 
occurs at the cathode side, this causes mixed potential and an overall reduction in the cells 
voltage, in addition to loss of fuel and faradaic efficiency. The cells voltage comes from the 
difference between the potentials at the anode and cathodes. The theoretical potential at the 
anode side is 0 volts (V), while the theoretical potential is 1.2V for the cathode. This should give 
the cell a total voltage of 1.2 V, but this is not the case. When mixed potentials occur at the 
cathode side the potential is decreased, which in turn lowers the voltage of the cell [15]. Even 
though the Nafion membrane should ideally block the flow of fuel from the fuel chamber, 
methanol solubility in water allows it to be absorbed through the MEA.  
Methanol crossover is reduced in a cell by many different ways. The first method to 
limiting methanol crossover is to use a very low feed concentration of methanol between about 
1-2 M. Lower concentrations of methanol limits the mass transfer of methanol, which limits the 
amount of crossover [11]. However, this also results in an increase in size of the overall cell 
stack. 
Another way to decrease the methanol crossover is by changing the thickness of the 
membrane. An increase in membrane thickness will increase the resistance causing lower 
methanol to crossover. The only trade off with increasing the thickness is that it also decreases 
the transport of protons, which limits the performance at high current densities. In the graph 
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below, Figure 9, it can be seen that increasing the membrane thickness decreases the voltage 
efficiency of the cell. However, there is a large increase in fuel utilization at higher thickness, 
which is able increase the overall efficiency of the cell [16] 
 
Figure 9: Effect of membrane size on efficiency [16] 
 
 
 A second major issue for DMFC is the fact that by-products are formed in the MOR and 
ORR that negatively affect the cell. As stated before, the MOR produces CO, which is then 
oxidized further to produce CO2. If this CO is not oxidized further to produce CO2 it can easily 
poison the catalyst [2]. Though there is still a trade off when oxidizing CO byproducts to CO2 
because the CO2 may not poison the cell but it still has adverse effect on the performance. This 
happens because the CO2 formed can block off channels and reaction sites that lead to the 
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catalysts. Blocking these channels slows the transfer of methanol and oxygen to the reaction 
sites. This effect is seen at higher current densities because not enough fuel is able to reach the 
catalysts reducing the overall voltage [11].  
 
2.2 Passive Direct Methanol Fuel Cells 
 
2.2.1 Conventional Passive Direct Methanol Fuel Cells  
 
In a passive direct methanol fuel cell (PDMFC), there are no pumps, fans, or extra 
equipment to accelerate fuel input and flow. The lack of this equipment makes the passive cell 
less costly and enhances its portability. However the performance of the PDMFC is lower than a 
DMFC due to a slower fuel flow inside the cell, as well as transport limitations of oxygen 
passive diffusion at the cathode. 
The catalyst used in the MEA to promote the half-cells reactions is usually made of 
platinum and ruthenium alloy at the anode and platinum at the cathode. There is a certain amount 
of improvement that can come from adding more catalyst; however this reaches a maximum 
where performance begins to level off. 
2.2.2 Passive Direct Methanol Fuel Cell with Porous Carbon Plate 
 In the design of a PDMFC using porous carbon plates (PCP) it was found that methanol 
concentrations up to 100% could be used. Usually at these high concentrations the performance 
of the cell is dramatically reduced by anode kinetics as well as by methanol crossover from the 
anode to the cathode. This is why the PCP used in the PDMFC must have a high bubble point 
pressure and resistance to fluid flow to reduce the effect of crossover [17]. Figure 10 shows the 
structure of a single cell with PCP: 
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Figure 10: Single Cell diagram [17] 
 
Not only does the PCP help in reducing methanol crossover it also helps lower the effect of CO2 
poisoning on the cell. Since the PCP is positioned between the reservoir and the anode current 
collector the methanol has to pass through the PCP. The PCP allows the methanol vapor to 
diffuse through the CO2 bubbles that have built up on the anode flow channels. This increase in 
methanol vapor passing the CO2 bubbles increase the performance and fuel efficiency of the cell 
[17]. 
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 In single cell test the power density was found to be greater than that of the full 8 cell 
stack test. These results are shown below in Figure 11. For the single cell test the power density 
was found to be low at first because of the low vapor pressure of methanol in the PCP. Over time 
the power density increased as the nitrogen, from the air, in the PCP was replaced by methanol. 
The reason behind the single cell testing better was the increase in temperature seen in the stack 
testing. This temperature increase was seen because the stack design had relatively low heat 
dissipation, which caused the PEMs to become dehydrated [17]. 
 
2.2.3 Tubular Shaped Passive Direct Methanol Fuel Cell 
 Tubular shaped PDMFC resemble modern day batteries in shape in size. This shape gives 
the cell one of its biggest advantages. As fuel cell technology gets better and batteries are phased 
out these types of fuel cells will make it easier to transition from batteries to fuel cells. With its 
small shape and size the tubular cell uses fewer materials to construct reducing the total cost of 
the cell. Figure 12 shows a schematic of the tubular cell [18]. 
a 
b 
Figure 11: a.) Single Cell Test b.) Stack Test [17] 
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Figure 12: Schematic of tubular DMFC a.) MEA b.) Anode Current Collector, c.) Direction of Fuel Flow d.) MEA around 
Inner Current Collector [18] 
 
When compared to planar-shaped PDMFC, tubular PDMFC have many advantages other than its 
size and shape. Tubular PDMFC have greater instantaneous power density than planar-shaped 
cells. This higher total energy is a result of a larger active area for the fuels to react. Another big 
advantage is the fact that tubular cells can be operated without depending on orientation. In 
planar stack designs usually can only operate at one orientation and even then some cells face 
starving. Being able to operate at any orientation is useful for portable devices. These devices are 
usually run at multiple orientations, which give the tubular cells a large advantage over their 
planar counterpart [18]. 
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2.2.4 PDMFC Performance 
 The DMFC described in the sections before depends on different added equipment, such 
as pumps and heat exchangers, to increase the flow rates of the methanol and operating 
temperature of the cell. However, these different pieces of equipment raise the energy usage, 
bulk, and cost of these cells. In a passive direct methanol fuel cell (PDMFC), there are no added 
pumps or exchangers to change the operating temperature or flow. PDMFC’s run using ambient 
conditions of the surrounding temperature and the natural diffusion rate of methanol and air. As a 
result, PDMFC’s usually have a large drop in performance when compared to DMFC’s. On 
average, the drop in performance from a DMFC to a PDMFC is found to be almost 70%, with a 
maximum drop from 45 mW/cm
2
 to 13 mW/cm
2 
[11]. This drop in performance is due to 
PDMFC not having a continuous and active flow of fuel and having an operating temperature 
that depends on the exothermic reactions and the surrounding temperature only. Figure 13 shows 
the average drop in performance between a DMFC and a PDMFC. 
35 
 
 
 
Figure 13: Performance Difference of DMFC and PDMFC [19] 
 
 
 
In the graphs above, it can be seen that the highest open circuit voltage (OCV), voltage 
when no load is applied, and the highest power density is from the DMFC and the lowest from 
the PDMFC. Also shown in the graph is the change of one side, anode or cathode, to passive 
Exp 9: DMFC 
Exp 10: Passive Cathode 
Exp 11: Passive Anode 
Exp 12: PDMFC 
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while keeping the other side active. The anode side shows higher power density and OCV when 
it is passive and the cathode is active. These result shows that the air flow of oxygen to the 
cathode side being higher and the flow of methanol slower because of diffusion only increased 
the performance of the cell. This increase in performance might be due to when the anode side is 
kept active more methanol crossover occurs when the flow rate of methanol is increased [19]. 
It can also be seen that active DMFC can operate at much higher current densities then 
PDMFC. At high current densities there is a high flow of charge leaving the fuel cell. In a 
passive cell at high current density the passive flow of methanol is not quick enough to supply 
fuel to the cell at the rate it is being consumed. The reason active cells can operate at these high 
currents is that new fuel is constantly being supplied to the cell. Another issue in passive cells at 
higher current densities is the formation of CO2 molecules. These molecules block the sites 
where the methanol would react and with no flow of CO2 away from the cell the performance 
drops [19]. 
 Since PDMFC’s rely only on diffusion of methanol to reach the anode, the concentration 
of methanol used in PDMFC’s tends to be much higher than the concentration for DMFC’s. In 
many studies done by Liu et al., they have found that as the methanol concentration was 
increased so did the maximum power density. However, just as in the DMFC the concentration 
could not be increased forever, there was a point at which the concentration became too high and 
crossover began to decrease the performance. The optimal concentration was found to be 5.0 M, 
with a maximum power density of 20 mW/cm
2
 [11]. 
For a while it was believed that the higher concentration of methanol increased 
performance because of improved methanol mass transfer. Liu et al. found that it wasn’t the 
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increased mass transfer that improved the cell, but actually a rise in temperature of the cell. 
Shown below in Figure 14 is increase in temperature seen when the concentration of methanol is 
increased. Temperature increases in the cell because the ORR at the cathode side of the cell is 
exothermic. When the temperature of the cell increases the electrokinetics at the MOR and ORR 
is increased as well as a decrease in the cell’s internal resistance [12]. 
 
Figure 14: Temperature Increase with Concentration (Room Temp=23°C) [12] 
 
 Liu et al. were able to prove their results by testing different concentrations with and 
without the presence of cooling water in the cell. The cell was able to run at 4.0 M and 2.0 M at 
ambient conditions at first without any water to measure the maximum power density and then 
with cooling water to see the difference in power density [12]. The results are shown in Figure 
15: 
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2.2.5 PDMFC Issues 
 PDMFC’s suffer from most of the same issues as DMFC’s, such as catalyst poisoning 
and crossover. The biggest problem in PDMFC, just as for the DMFC, is methanol crossover 
from the anode to the cathode. This performance drop from crossover is seen more in PDMFC 
because passive cells use a higher concentration of methanol coupled with diffusion limitations 
of oxygen at the cathode, which as stated before increases the rate of methanol crossover. The 
reason crossover occurs is because the concentration for methanol is very low on the cathode 
side, as it should be, and very high at the anode side. At start-up the methanol is only consumed 
at the anode. As the operating time increases the methanol dissolves in water and is able to 
transfer through the MEA and react at the cathode. As the methanol reacts it decreases the 
potential of the cathode and at the same time increases the temperature of the cell. As time goes 
on, the methanol begins to be consumed, which starts to decrease the methanol in the reservoir. 
As the total methanol decreases, the concentration gradient between the cathode and anode 
reduces, causing less methanol crossover [20]. 
Figure 15: Operating Temperature v. Performance [12] 
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Figure 16: Concentration Gradient between Anode and Cathode [20] 
 
Changing the phase of methanol has been found to decrease the rate at which methanol 
crosses from the anode to the cathode. The solution to this problem was found to be soaking the 
methanol in hydrogels instead of methanol liquid. The reason methanol was soaked in hydrogels 
was because this gel was able to decrease the diffusion rate of the methanol, which lowered the 
amount of methanol crossover. Using hydrogels the performance of the cell was increased from 
around 16 mW/cm
2
 to 22 mW/cm
2
 [2]. 
 A big problem that is unique to PDMFC’s is the starving of particular cells in the fuel cell 
system. Starving of cells occurs when the methanol vapor from the reservoir does not reach 
certain cells. Since the cells of the fuel cell system are all wired in series the cells that have no 
methanol to react are forced to use something else to produce a reaction. These cells are forced to 
consume the carbon that is present in the catalysts. The longer these cells are starved the more 
carbon reacts and eventually the catalyst has to be replaced. Starving of cells was found to be 
reduced when different orientations of the fuel cell system were used [11]. 
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 In DMFC’s there is a heat source that is able to cool or heat the fuel cell to an optimum 
operating temperature. Without heat exchangers another problem unique to PDMFC’s arises, 
which is heat management [11]. Also as discussed in the performance section for PDMFC’s, the 
increase in temperature of the cell is directly related to the performance of the cell. So not only 
does the PDMFC have a drop in performance because of heat loss, but also there is a drop in 
performance due to the lack of heat in the fuel cell system. 
Just as with the DMFC’s, transport limitations due to CO2 and H2O poisoning at the 
anodes and cathode, respectfully, is a major performance loss. The CO2 and H2O lower the 
performance of the cell by blocking the catalytic sites. When these sites become blocked less 
MeOH and O2 is able to react decreasing the total voltage of the cell [21]. Figure 17 shows how 
voltage is affected by catalytic poisoning. 
 
Figure 17: Polarization Plot of PDMFC with one Refueling [21] 
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At time 0, an initial amount of MeOH fuel was placed in the reservoir (the one at the end of 
paragraph). The initial spike in voltage is the OCV and after 30-40 minutes the voltage is 
reduced to half the initial value [21]. The increase in temperature is also due to methanol 
crossing over to the cathode where the anodic oxidation of methanol reduces to heat and water. 
At time 180, a second amount of MeOH, equaling the initial amount, was added to the PDMFC. 
From the graph it can be seen that the initial jump in voltage is not as high as when the initial 
amount of MeOH was added. This drop in voltage is seen as methanol crosses over to the 
cathode. Without any ancillary equipment to increase the flow of oxygen and to facilitate the 
flow of water away from the cell, the water blocks the catalytic sites, which decreases the voltage 
of the fuel cell [21] 
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CHAPTER 3: DESIGN AND EXPERIMENTAL 
3.1 Stack Design and Fabrication 
The construction of a passive direct methanol fuel cell stack is simpler than that of an 
active stack because of the absence of additional equipment. However, without the active 
components that facilitate flow to and from the cells it is important that the stack is sealed 
airtight. If air was able to leak and react at the anode, the performance of the cell is dramatically 
decreased. Allowing air to react at the anode causes overpotential just as methanol does when it 
reacts at the cathode side. The fuel chamber of the stack must also be sealed to prevent the 
methanol stored inside from diffusing out of the stack without reacting. This does not decrease 
the voltage of the cell but effects the fuel utilization of the stack and efficiency. 
The design of the stack started with a prefabricated polycarbonate base with eight cutouts 
for the passive cells. The base had two sides that each held 4 of the individual cells and was 
fastened together using large metal screws. This allowed for the stack to be easily separated so 
that different fuels could be loaded into the fuel chamber. Once the base was obtained, we 
needed to build each of the eight cells that each had a total area of 45 cm
2
 and an active area of 
25 cm
2
. The construction of the individual cells started by buying 8 MEA’s from IRD Fuel Cells 
Company. These MEA’s contained both the Nafion membrane and also the catalysts for the 
reactions. Located between the anode current collector and the MEA was a carbon cloth gas 
diffusion layer that was used to evenly distribute the methanol to the catalyst. The carbon cloth 
had a total area of 25 cm
2
 and was positioned right up against the MEA. 
The current collectors that were fabricated used both perforated steel and porous stainless 
steel. The stainless steel was used as the anode current collector and a combination of perforated 
steel and porous stainless steel was used as the cathode current collector. The reason a 
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combination of the steels were used was because the porous steel was very malleable, so the 
perforated stainless steel plates added structural stability. The perforated steel had to be cut to the 
dimensions of 7x7 cm with a hole for the screws in the middle of each side. The manufacturing 
of the stainless steel was more complex than the perforated steel because flow channels had to be 
cut into the stainless steel to allow for the diffusion of fuel to the cell. These channels were cut 
into the active area of the steel using AutoCAD and the machinery in Higgins.  
 
Figure 18: Porous Steel and Perforated Stainless Steel 
Once all of the components of the cell were fabricated, each cell was attached to the 
polycarbonate base using IsoPlast screws that were made out of a non-conductive plastic. Since 
the stack and cells had to be airtight, different gaskets and sealants were used to achieve this 
goal. For each individual cell, 2 foam gaskets were used to seal around the Nafion membrane and 
the catalysts. These gaskets were used to prevent any mixing of fuels and to prevent air from 
leaking in through the screw holes. To seal the two sides of the stack, and also the individual 
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cells to the base, red rubber sealant was used. In addition to the red rubber, vacuum gel was used 
to make sure the seal between the rubber and the base was airtight. 
To insure that the maximum voltage could be obtained from the stack, each cell was 
wired in series from cathode to anode. The cells were wired in series to ensure that the voltage of 
each cell was added together, while keeping the current on each cell the same. To wire each cell, 
slits were cut into the current collectors. Copper wires were then cold soldered into the slits using 
a pure silver conductive epoxy. The pure silver epoxy was used because it had a very high 
conductivity with a low electrical resistance, while also being easy to apply as a cold solder. The 
stack could be used to power different appliances by the addition of 2 alligator clips attached to 
the cathode current collector of one cell and the anode current collector of another to create a 
closed circuit. Figure 19 shows an AutoCAD design of the complete stack. 
 
 Figure 19: Exploded View of Stack 
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3.2 Experimental Setup 
The collection of data while testing utilized the computer program FuelCell 7. The cell 
was connected to the load box testing station using alligator clips to create a closed circuit that 
runs through the load box. The load box had a wide range of possible experiments through the 
control of fuel flow, temperature, humidity, and load. However, the stack was passive so fuel 
flow, temperature, and humidity did not play a role and were disregarded when testing. Different 
tests were set up using the FuelCell 7 computer program. The program already had setups that 
could be used to run various tests. These setups allowed the user to change different aspects of 
the experiment to collect many different types of data. While the program was testing the data 
was stored in a excel file, which made analysis easier. Figure 20 shows the interface of the 
program. 
 
Figure 20: Interface of FuelCell 7 
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3.2.1 Open Circuit Voltage Setup 
The first setup used was an experiment that measured the voltage of the stack operating 
without the addition of a load for an extended period of time. The OCV test was used to show the 
maximum voltage of the stack. The test was run until all of the fuel inside the stack was 
exhausted because of crossover. Figure 21 shows the setup used for this test. 
 
Figure 21:OCV Test Setup 
 
3.2.2 Current Scan Setup 
In addition to OCV testing the stack was also tested at different current densities. The 
current scan setup started collecting voltage and power density reading at a current of 0 amps. 
The current was then increased by a set value periodically until the voltage of the stack dropped 
below 0.1 volts. To ensure that the voltage was at equilibrium at each current density, there was a 
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time interval of 3 minutes between each current increase. Figure 22 shows the setup used for this 
test. 
 
Figure 22: Current Scan Setup 
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CHAPTER 4: MODELING AND THEORY 
 
In addition to collecting data using experimental methods it is also beneficial to develop 
equations that can determine the performance of the cell under different conditions. The math 
modeling described below is an adaption to Rosenthal et al [23]. model that was made to 
determine the performance of an active cell. The main difference between these two models is 
the mass transfer equations used for the flow of fuel. Since this model is for a passive cell the 
flow of fuel to the cathode and anode are only due to diffusion. 
4.1 Overall Equations 
The equations used to model these cells use many different parameters and behaviors to 
determine the overall voltage of the cell under different operating conditions. These parameters 
are thermodynamic, transfer equations, and reaction kinetics. The overall voltage of the cell is 
determined by the difference in potential between the different components in the cell. This 
equation is shown as Equation 1: 
IBCAVV   0  
In the equation the overpotentials at the anode, PEM, cathode, and interface are given as ηA, ηB, 
ηC, and ηI respectively, while V0 is the thermodynamically calculated value for voltage. The max 
voltage that can be obtained in theory is given by the thermodynamic value, but due to crossover 
and catalyst poisoning this value is much higher than the actual voltage seen. The 
thermodynamic voltage is shown below in Equation 2: 
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The overpotential values for the anode and cathode depend on limiting factor that include 
crossover of fuels, and current densities. These limiting factors impact the anode overpotential 
because of methanol and oxygen crossover, but are not included in the cathode due to the 
assumption of negligible oxygen crossover. Equation 3 is the overpotential for the anode, while 
Equation 4 is for the cathode. Also shown below are the overpotentials due to the PEM and 
Interface given by Equation 5 and Equation 6, respectively: 
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The power of the cell can be easily calculated by multiplying the voltage calculated above by the 
current density applied to the cell. Equation 7 shows this: 
 
(3) 
(4)
(5) 
(6) 
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4.2 Catalyst Loading 
Since catalyst poisoning is one of the main performance determinants in PDMFC it is important 
to determine how this effect performance. At both the cathode and anode the catalyst is a mixture 
of platinum and ruthenium the density of the catalyst is a combination of the density of the two 
elements. Equation 8 shows this calculation: 
 )1( RuRuPtRu,  AM  
The calculated density from above is then used to determine the electrocatalyst surface 
roughness of the catalyst. The roughness is the surface area of the catalyst on each side of the 
catalyst and is given in Equation 9: 
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Once roughness is know it is used to determine the exchange current density. The amount of 
carbon monoxide that is blocking the reaction site of the catalyst is shown by Equation 10 shows 
this calculation: 
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Where the adsorption constant for CO on the catalyst at equilibrium as given by Equation 11: 
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4.3 Transport Parameters 
This section of the math model is the main difference between the model that was determined by 
Rosenthal et al. These equations are similar once the fuel reaches the anode, but differ in the 
concentration of fuel that reaches the anode. Once methanol diffuses to the anode it is dissolved 
in water present at the anode side. The diffusivity of methanol is given in Equation 12: 
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Since oxygen has a low solubility in water the bulk of the oxygen at the cathode side is mainly in 
the gas phase. The diffusion of oxygen to the cathode is given in Equation 13: 
 
Just as above, the diffusion of methanol to the anode is shows in Equation 14. This equation is a 
simplified version that does not take into consideration the gas partition of methanol and the 
poisoning of CO2. 
 
Due to methanol’s solubility in water it is able to pass through the PEM and react at the cathode 
side of the cell. The diffusion of methanol through the PEM is given in Equation 15: 
 
(12) 
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In an active cell there are pumps that facilitate the flow of methanol and oxygen to the catalyst. 
In a passive cell the fuel sources must rely on diffusion to the anode as the transport equation. 
Shown in Equation 16 and 17, are the equations for the mass transfer coefficients. 
 
)/(5.0 dDk ii   
Also used in the modeling for a passive cell were different assumed concentrations of methanol 
at the anode side for different fuel sources. When using methanol gel the effective concentration 
at the anode was assumed to be anywhere between 1-3 molar concentrations. However when 
using pure liquid methanol the concentration could react upwards of 10 molar due to the high 
concentration of methanol used. 
4.4 PEM Resistances 
The resistance of ions and water in the PEM is directly related to the thickness and conductivity 
of the membrane. These resistances can help the overall voltage of the cell by inhibiting the flow 
of methanol across, but can decrease the overall voltage with a high resistance for ion flow. 
Equation 18 gives a simplified calculation for the conductivity of the PEM: 
 
The equation for β and the dissociation equilibrium equation is given below in Equation 19 and 
20, respectively: 
(17) 
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4.5 Characteristic Current Densities 
To accurately measure the overpotentials at the different components of the cell it is necessary to 
derive an equation to relate the crossover current to the measured current and temperature.  
Driving these equations for the two electrodes uses the exchange current and limiting current. 
The limiting current is the crossover current density when the cell is operating at OCV. This 
current density is the maximum crossover possible. Equation 21 derives the equation for the 
limiting current density, which is then used in Equation 22 that calculates the methanol crossover 
current. 
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The limiting crossover for the GDL at the anode side is given by Equation 23 and Equation 24 is 
given for the oxygen crossover current. Also the anode and cathode exchange current density is 
given in Equation 25 and 26, respectively. 
 
 
 
 
All of the above equations were used in Mathematica to model the performance of the cell under 
different operating conditions and fuel sources. 
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CHAPTER 5: RESULTS AND DISCUSSION 
5.1 Stack Testing 
After the assembly of the optimized final stack, with a GDL at the anode side and a 
porous collector plate on the cathode side, while wired in series to collect the current, the stack 
was tested for leakages by filling it up with deionized water. The water did leak in certain areas, 
leading to some adjustments in the tightening of screws and the increased sealant used in these 
areas. After corrections were made, the stack was filled with deionized water and a small amount 
of pure methanol (about 12mL), in order to activate the MEA’s and to test for any amount of 
voltage. This test showed a small amount of voltage, yet the stack continued to leak, leading to 
the use of absorbent pads for soaking methanol. The addition of absorbent pads in the fuel 
chamber allowed for pure methanol to be loaded without visible fuel leakage, and resulted in 
slow diffusion. However, clearly leakage still exists in the stack, which reduces performance 
significantly. 
5.1.1 Experiment 1: Pure Liquid Methanol Tests  
 The first test performed on the completed fuel cell stack was a basic open circuit voltage 
test using the program FuelCell 7 and the testing station in the Fuel Cell Center in Goddard Hall. 
The fuel used was 100 mL of pure methanol and was loaded through a hole in the top of the 
stack using a squirt bottle. The methanol was loaded in a manner as to not touch the cells 
themselves, and onto an absorbent pad that soaked up the methanol without leaking. From Figure 
23, the open circuit voltage (OCV) of the stack wired in series peaked at 4.3 V and remained 
running for more than 24 hours. The total stack voltage remained constant for about 20 hours at 
around 3.7 V, or roughly 0.46 V per cell.  
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Figure 23: OCV Graph 
The fuel cell stack was reloaded with 100 mL of pure liquid methanol, and a current density test 
was performed. The current density increased by 0.01 mA/cm
2 
every minute until the voltage of 
the cell decreased below .01 V. From Figure 24, the peak power in W/cm
2
 of the stack was about 
.048 W/cm
2
 at a current density of around 0.5 mA/cm
2
. The voltage at this point was around 2 V. 
This figure shows a linear decrease of voltage as the current density increases, which is to be 
expected. It also shows the parabolic nature of power in relation to current density. The power 
increases at low current densities, reaches a peak at .5, and then drops back to 0 as the current 
density approaches 1 mA/cm
2
.  
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Figure 24:Performance Curve 
5.1.2 Experiment 2: Test Powering a Light Bulb 
 
 The next test performed on the fuel cell stack was a qualitative test using 100 ml of pure 
methanol. The methanol was loaded again into the stack, and the stack was attached to a small 
camping lantern using alligator clips. The light bulb lit up immediately and shone brightly for 
almost 2 days, using a small amount of fuel. The bulb required 3 V (two AA batteries) to keep it 
powered, and the cell provided this amount of voltage for more than 24 hours. The cell stack can 
very likely power any device only requiring two AA batteries for as long as fuel is reloaded into 
the fuel chamber. 
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Figure 25: Qualitative Test 
5.1.3 Experiment 3: Methanol Gel Testing 
After the pure methanol testing, a methanol gel was used as fuel. This methanol gel, 
shown in Figure 26, is similar to Sterno chafing fuel, and was provided by the Fuel Cell Center. 
 
Figure 26: Methanol Gel 
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A chassis for housing the methanol fuel was built with 4 stages that could house the 
methanol gel and distribute it as evenly as possible to all 8 fuel cells. The stack was opened 
completely in order to load the chassis full of methanol gel, and was then screwed shut. The gel 
immediately provided a voltage above 4 V, climbing to approximately 4.7 V, before dropping 
down to 3.8 once it was connected to the Fuel Cell testing station. From Figure 27, the methanol 
gel was seen to provide a steady voltage of around 3.7 volts for an hour. 
 
Figure 27:OCV for Gel 
Further tests with the methanol gel proved to be futile as time constraints limited the 
amount of time that the Fuel Cell testing station was available. The current density test exhausted 
all of the voltage almost immediately due to the slow diffusion of the methanol gel in 
comparison to the pure methanol. 
It is clear that the performance of the PDMFC was limited by leakages in the assembly. 
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5.2 Math Modeling Results 
After the equations were derived they were entered in to the program Mathematica. This 
program is able to plot different performance curves for the passive fuel cell. The first graph that 
was plotted was for the methanol gel. In this plot it was assumed that the concentration that 
reached the anode was 1 molar and the transport constant for the methanol was 5 x 10
-4
 cm/s. 
The plot can be seen below in Figure 27. 
 
 
Figure 28: Perfromance Curve of Gel 
 
From this graph it can be seen that the OCV of the cell is around .75 volts, which is what is 
expected for a passive direct methanol fuel cell. As the current applied to the cell is increased a 
steady decrease in voltage can be seen. This steady decrease reaches a point where the rate of 
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consumption of electrons is greater than the production of electrons leading to a rapid drop in 
performance. 
 The next plot is a performance curve for using pure liquid methanol in a passive cell. For 
this graph it was assumed that the concentration of methanol at the anode was 6 molar and the 
transport coefficient is 5 x 10
-4
 cm/s. 
   
 
Figure 29: Performance Curve for Pure Methanol 
 
In this graph it can be seen that once again the OCV of the cell is around .75 volts and that a drop 
in performance is seen once a load is applied. However the drop in voltage when compared to the 
methanol gel is a lot less dramatic. This is due to the higher concentration of methanol that 
allows the cell to still produce enough electrons at higher currents.  
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS FOR 
FUTURE WORK 
Although the performance of the stack did not achieve peak potential because of 
leakages, it was still shown that PDMFCs can use pure liquid methanol as a fuel source. Using 
pure liquid methanol is another advantage that passive stacks have over their active counterparts. 
In an active stack the fuel chamber is large due to the cells only being able to run using 
concentrations up to 3 molar, or methanol and water must be mixed continuously. Using pure 
liquid methanol in a passive cell cuts down on the amount of methanol needed, which reduces 
the size needed for the fuel chamber. If PDMFCs are to be portable the size of each component 
has to be as small as possible to cut down on size and weight. 
When testing the cell stack using the methanol gel it was found that the performance of 
the stack was greatly reduced with increasing current densities. This result was seen because 
there was not enough fuel flow to the cells at high current densities. To counteract the decrease 
in performance at high current densities a larger amount of methanol gel would need to be added 
to insure there was enough diffused methanol for the cells. However, this strikes up a problem 
for PDMFC. As the cell stacks get smaller in size there is a decrease in the size of the fuel 
chamber. The reduction in the size of the fuel chamber will limit the amount of methanol gel 
available and the cell stack might not be able to operate at higher current densities. This would 
limit the use of the methanol gel as a primary fuel source for the stack. 
After construction and testing of the cell stack it was clear that there were many 
improvements that could be made to the design. There are many design flaws that led to poor 
performance in the cell stack, especially persistent leakage issues, but future work could be done 
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to fix these flaws. Below we discuss many recommendations for the cell stack and also future 
prototypes designs that could improve the performance of the cell stack. 
 
6.1 Recommendations for Improving Cell Stack 
The biggest decrease in performance when testing the fabricated cell stack was not due to 
methanol crossover but due to the fact that the cell could not be sealed airtight. Having air leak 
into the methanol fuel chamber caused fuel loss and overpotentials that caused the overall 
voltage of each cell to decrease. Allowing methanol to leak from the fuel chamber to the 
surrounding air affected the fuel utilization of the cell and affected how long the cell was able to 
perform for a given amount of fuel. It was found that the larger air leaks were due to the 
individual cells not being tightly sealed to the polycarbonate base. The reason this was seen was 
because the small plastic screws used to hold each cell down did not provide enough 
compressive force to form an airtight seal. The screw arrangement for each cell was 4 screws 
located in the middle of each side of the cell, 1 cm from the outer edge. These screws were able 
to provide enough force to seal most of the cell to the base, but at the corner of each cell the 
force was not great enough to create an airtight seal. It is recommended that 4 additional screws 
be added to the corner of each individual cell to insure they are completely airtight. Once these 
cells are sealed, the cell should start producing greater voltage and the ability to work at higher 
current densities. 
Refueling the cell stack was an easy process when using absorbent pads and pure liquid 
methanol. This was the result of a hole that was added to the top of the stack, which allowed for 
liquid methanol to be poured on the absorbent pad. However this was not the case for the 
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refueling of methanol gel. Methanol gel was contained in a wire mesh box in the fuel chamber, 
with multiple levels for the placement of the gel. This method worked extremely well to ensure 
that each cell was provided methanol, but was difficult to refuel. The problem was that in order 
to add more gel to the chamber, the stack had to be unscrewed and opened each time. This 
process was slow and started to strip the threads used to hold the plastic base together, which 
caused more air leaks in the stack. To eliminate this problem it is recommended that a sealable 
cover be added to the top of the cell just as the sealable hole was added. This sealable cover 
could be cut into the top of the base around the screws to still allow the 2 halves of the base to be 
connected. An O-ring could be used to seal the cover to eliminate any leaks. The addition of a 
cover on top would protect the stack from damage and also cut down the time it takes for the 
stack to be refueled. 
 The testing of the cell stack only utilized two fuel sources: pure liquid methanol and 
methanol gel. Future work should be conducted using a wide range of fuel to see how different 
phases and concentrations affect the performance of the cell stack. Testing should also be 
conducted using fuel sources that are not methanol based, such as furfural, a biofuel. Different 
fuels may provide more voltage and power density then methanol by decreasing the amount of 
fuel crossover. 
 
6.2 Future Prototypes 
As fuel cell technology continues to advance, a decrease in the size of PDMFC’s should 
be seen. The cell stack that was constructed for this work showed that passive cell stacks using 
pure liquid methanol could achieve similar performance curves to stacks that use dilute methanol 
or methanol gel. However, the stack that was constructed was still extremely bulky and had 
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excess weight to the design. Below are several designs ideas for prototypes that could facilitate 
future project in the field of PDMFC’s. 
 The polycarbonate base that was used for this cell stack was very thick. This design made 
the stack structurally stable and helped create an airtight seal of the two separate halves, but it 
also made the design unduly bulky. In future prototypes, this base should be cut down to the bare 
minimum needed for optimal performance. One idea for a new design would use thin sheets of 
plastic as the fuel chamber and base. Thin sheets of plastic are a possible replacement because 
they would still separate the two fuel sources and still allow the connection of individual cells. 
This however would change the structure of the stack dramatically from the design of the 
PDMFC built in this work. The thin sheet of plastic could be placed on a thicker plastic support 
to allow for the use of screws to create a strong seal. The thicker plastic support would not be 
like the base used in the construction of this stack. The support would be more like a skeleton 
that would only be necessary where the screws are located. Using thinner plastic would cut down 
on the overall size and weight of the cell. 
 Just as the base of the stack was too thick, the thickness of the different components used 
in the individual cells increased the overall size and weight of the stack as well. The cell stack 
constructed used 3 different steel plates as current collectors and supports. Each of the steel 
plates was thicker than necessary, which affected the size of the individual cells and the seal 
formed when attached to the base. In future prototypes, the current collectors should utilize 
plates that are thinner while still having the structural integrity to ensure no warping when 
attached to the fuel chamber. The material used for the current collectors should have the lowest 
possible electrical resistance to increase the performance of the cell. Future current collectors 
could even be made out of a material that is not steel. Stainless steel is a poor conductor of 
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electricity when compared to other metals and was used in this construction due to its strength 
and cost. To maximize performance a metal should be used that has the strength of steel, but 
with a lower electrical resistance. 
 As discussed many times before, the main decrease in performance for the cell stack was 
the air leaks located in the individual cells. This problem results from the use of weaker plastic 
screws that were used because of their non-conductive nature. In future prototypes these gaps 
could be eliminated by attaching the individual cells directly to the fuel chamber without the use 
of screws. The cells could be attached by either using a type of glue or even have a base design 
that allows for the cells to be integrated directly into specific slots. Using glue or sealant would 
ensure an airtight seal, but would also make it difficult to access individual cells if something 
were to happen in the catalyst layer or MEA. Having specific slots for the cells to slide into 
could utilize more gasket material, on the outsides of the current collectors, to ensure an airtight 
seal. If the slots were made a fraction bigger than the individual cells the pressure created when 
adding gaskets to the outside of the current collectors could create an airtight seal. This method 
would allow easier access to the individual cells if needed. 
 Another design for a stack could be a pentagonal prism that has multiple cells located on 
4 of the sides around the prism and one side would be empty to serve as a base. The reason this 
structure is proposed is that it would reduce the overall size of the stack, while ensuring each cell 
is provided enough fuel. The cells should utilize some of the methods described above such as 
thinner current collectors and the integration of the individual cells directly to the fuel chamber. 
The stack would be easily fuel with the addition of a sealable cover at one end of the cell stack. 
An absorbent material could be inserted into the stack to allow for fueling with pure liquid 
methanol. Also, methanol gel contained inside of a wire mesh container could also be inserted to 
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fuel the stack. This method would eliminate cell starving and would utilize a smaller design than 
the stacks constructed before. An AutoCAD drawing for this prototype can be seen in Figure 29. 
 
Figure 30: Prototype for Passive Stack 
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APPENDIX 2: MATHEMATICA FILES 
 
Methanol Gel 
F = 96487; A=1/2;  C=1/2;A=+1 (* for anode this agrees with Gojkovic et al., 2003*);C=-
2; R=8.314;  iA0,ref=2.0× 10
-8
 (*fitted*); iC0,ref=1.0× 10
-10
; LB=178 ×10
-4
; LD=260 ×10
-4
;LE=260 
×10
-4
;D =0.65;E =0.65; RI=0;Tref=298; EA=65000(*Desai and Neurock (2003) provide a 
barrier of 60 kJ for CO.S+OH.S=CO2 + H^+ + e-*); EC=67000;pO,ref=1; cMe,ref=1×10
-3
; 
cW=55.5×10
-3
(*mol/cm^3*); =2.9 (*X.Ren and S.Gottesfeld,J.Electrochem.Soc.,148,A87-
A93,2001*);  DO,W=2.5 10
-5
 (*assumed*); O=0.144;Me,D=1.0;Me,B=0.4(*Ren, Zawo, 2000, 
Fig 11*);I=0.75;  Pt=21.45; Ru=12.3;E=14000;=1.65 (*This has been changed because of missing Bruggeman 
coefficient in Mathematica files from MDFC paper to fit conductivity data for DMFC of Ren, Zawo, 2000, Fig 8*);   vma=1.255 (*max 
voltage*); RI=0; 
cMe,b=1.0×10
-3
 ;(*mol/cm^3*)(*assumed methanol concentration in the liquid phase at the anode 
GDL, the vapor phase methanol concentration is different and depends upon VLE and mass 
balance*); 
T=303; 
mMA=4.0 10
-3
; mMC=2.0 10
-3
; Ru=0.5; dMA=2.7 10
-7
; dMC=2.7 10
-7
 (* These catalysts are C 
supported frm du Pont. Hogarth and Ralph give Subscript[, MA]/Subscript[m, MA]=39m2/g for 
black catalyst*); 
pW=Exp[11.676-3816.44/(T-46.13)];(*vapor pressure of water in cell*) 
pO,in=xO,in(pC-pW); 
pC=1.0;xO,in=0.21; 
=20; (*Taken from Ren, Zawo, 2000. For liquid methanol feed. For vapor feed, this would be 
lower. Further, due to compression, actual  may be lower than this value indicated by sorption 
isotherm??*) 
cO,ref=pO,ref /(82 T); 
cO,in=pO,in /(82 T); 
cO,b=cO,in ; 
cMe,0=Me,D cMe,b; 
xMe,b=cMe,b/cW; 
v0=1.214 - 1.4 10
-4
 (T-298)+(R T)/(6 F) Log[(cMe,b/cW) pO,in]; 
DO,E = 0.357(T/352)
1.823
 (*Reid*); 
DMe,W=2.1 10
-5
 Exp[-(20460/R)(1/T-1/313)] (*This, along with (   
 SubsuperscriptBox[  ,  B ,   1.5  \   ]\  
 SubscriptBox[ D ,  Me, W ] ), agrees very well with Fig 9 of Ren, Zawo, 2000, for effective 
methanol diffusivity in Nafion*); 
B=/(537/18+); 
=1.8/(537/18+1.8); 
cH0=1/(18 ); 
KA=6.2Exp[-((-52300)/R)(1/T-1/298)]; 
=((+1)- )/(2(1-1/KA)); 
B=(Subscript[, B]-)1.5 (349.8/(1+))Exp[-(E/R)(1/T-1/298)] cH0; 
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k+1=1.41 10
5
 Exp[-(0/(R T))]; (*Vilkar and Datta, 2007*) 
k-1=1.0 10
13
 Exp[-(130000/(R T))];(*Vilkar and Datta, 2007*) 
K=k+1/k-1; 
MA=(1-Ru) Pt+Ru Ru; 
MA=I mMA(6/(MA dMA)); 
MC=I mMC(6/(Pt dMC)); 
CO=(K cMe,0)/(1+ K cMe,0); 
CO,ref=(K cMe,ref)/(1+ K cMe,ref); 
iA0=MA×(cMe,0/cMe,ref) (1-CO)/(1-CO,ref) Exp[-(EA/R)(1/T-1/Tref)] iA0,ref; 
iC0=MC×(cO,b/cO,ref)Exp[-(EC/R)(1/T-1/Tref)] iC0,ref; 
DMe,D,e=0.975 Exp[-(30975/(R T))];(*Fitted to limiting current density in Fig 3 of Chiu, 2011. 
Also preseumably includes the partition coefficient, Subscript[, Me,D], although assumed here 
as unity, and its temperature variation, accounting for the higher activation energy than 
Subscript[D, Me,W]*) 
x=1/kMe; PMe,D,e=1/(LD/(Me,D DMe,D,e)+x); 
hC=0.3; (*Oxygen diffusion film thickness - assumed simply to estimate the gas-phase MT coeff 
- alternatively different values of MT coeff may be assumed*) 
kO=2.696 DO,E/hC; 
qW=0.5 (*or 0.4*)(*for liquid feed this is high and should be virtually independent of 
current*)(*For vapor feed, may assume Subscript[q, W]=2.0 y assumed proportional to water 
flux or current*); 
PO,E,e=1/(LE/(O  (1-Subscript[q, W])
1.5
 DO,E)+1/kO); 
iAL=6F PMe,D,e cMe,b ; 
iCL=4F PO,E,e cO,b; 
iX,Me,L=Me,B (6F)/LB ( ) cMe,b; 
PO,D,e= /LD DO,W O; 
iX,O=4F cO,b(PO,D,e+ /LB DO,W O); 
iX,Me=((iX,Me,L+3 (Me,B/Me,D) xMe,b y)(1-y/iAL))/(1+1/iAL (iX,Me,L+3 (Me,B/Me,D) xMe,b 
y)); 
A=(R T)/(A A F) ArcSinh[(y+iX,O)/(2 iA0)/(1-(y+iX,O)/iAL)(1+1/iAL (iX,Me,L+3 
(Me,B/Me,D) xMe,b y))]; 
C=(R T)/(C C F) ArcSinh[(y+iX,Me)/(2 iC0)/(1-(y+iX,Me)/iCL)]; 
B=y (LB/B);I=y RI; 
=v0+C; 
V=v0-A+C-B-I; 
P=V y; 
q=(y+iX,Me+iX,O) vma-P; 
=P (1/ vma)(1/(y+iX,Me+iX,O))100; 
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Pure Liquid Methanol 
F = 96487; A=1/2;  C=1/2;A=+1 (* for anode this agrees with Gojkovic et al., 2003*);C=-
2; R=8.314;  iA0,ref=2.0× 10
-8
 (*fitted*); iC0,ref=1.0× 10
-10
; LB=178 ×10
-4
; LD=260 ×10
-4
;LE=260 
×10
-4
;D =0.65;E =0.65; RI=0;Tref=298; EA=65000(*Desai and Neurock (2003) provide a 
barrier of 60 kJ for CO.S+OH.S=CO2 + H^+ + e-*); EC=67000;pO,ref=1; cMe,ref=1×10
-3
; 
cW=55.5×10
-3
(*mol/cm^3*); =2.9 (*X.Ren and S.Gottesfeld,J.Electrochem.Soc.,148,A87-
A93,2001*);  DO,W=2.5 10
-5
 (*assumed*); O=0.144;Me,D=1.0;Me,B=0.4(*Ren, Zawo, 2000, 
Fig 11*);I=0.75;  Pt=21.45; Ru=12.3;E=14000;=1.65 (*fitted to conductivity data for DMFC of Ren, Zawo, 2000, 
Fig 8*);   vma=1.255 (*max voltage*); RI=0; 
cMe,in=6.0×10
-3
 (*mol/cm^3*); 
a=5 3; (*du Pont MEAs area*) 
h=0.1; l=45; n=1; (*Flow channel height, length, and number of parallel channels*) 
mMA=4.0 10
-3
; mMC=2.0 10
-3
; Ru=0.5; dMA=2.7 10
-7
; dMC=2.7 10
-7
 (* These catalysts are C 
supported frm du Pont. Hogarth and Ralph give Subscript[, MA]/Subscript[m, MA]=39m2/g for 
black catalyst*); 
QA=5/60;QC=150/60;(*Volumetric anode and cathode flow rates, cm3/s*) 
pW=Exp[11.676-3816.44/(T-46.13)];(*vapor pressure of water in cell*) 
pO,in=xO,in(pC-pW); 
pC=1.0;xO,in=0.21; 
cMe,b=cMe,in -(a (y))/(12 F QA);(*Current should actually also include crossover current*) 
=20; (*Taken from Ren, Zawo, 2000. For liquid methanol feed. For vapor feed, this would be 
lower. Further, due to compression, actual  may be lower than this value indicated by sorption 
isotherm??*) 
cO,ref=pO,ref /(82 T); 
cO,in=pO,in /(82 T); 
cO,b=cO,in -(a y)/(8 F QC); 
cMe,0=Me,D cMe,b; 
xMe,b=cMe,b/cW; 
v0=1.214 - 1.4 10
-4
 (T-298)+(R T)/(6 F) Log[(cMe,in/cW) pO,in]; 
DO,E = 0.357(T/352)
1.823
 (*Reid*); 
DMe,W=2.1 10
-5
 Exp[-(20460/R)(1/T-1/313)] (*This, along with (   
 SubsuperscriptBox[  ,  B ,   1.5  \   ]\  
 SubscriptBox[ D ,  Me, W ] ), agrees very well with Fig 9 of Ren, Zawo, 2000, for effective 
methanol diffusivity in Nafion*); 
B=/(537/18+); 
=1.8/(537/18+1.8); 
cH0=1/(18 ); 
KA=6.2Exp[-((-52300)/R)(1/T-1/298)]; 
=((+1)- )/(2(1-1/KA)); 
B=(Subscript[, B]-)1.5 (349.8/(1+))Exp[-(E/R)(1/T-1/298)] cH0; 
k+1=1.41 10
5
 Exp[-(0/(R T))]; (*Vilkar and Datta, 2007*) 
k-1=1.0 10
13
 Exp[-(130000/(R T))];(*Vilkar and Datta, 2007*) 
K=k+1/k-1; 
MA=(1-Ru) Pt+Ru Ru; 
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MA=I mMA(6/(MA dMA)); 
MC=I mMC(6/(Pt dMC)); 
CO=(K cMe,0)/(1+ K cMe,0); 
CO,ref=(K cMe,ref)/(1+ K cMe,ref); 
iA0=MA×(cMe,0/cMe,ref) (1-CO)/(1-CO,ref) Exp[-(EA/R)(1/T-1/Tref)] iA0,ref; 
iC0=MC×(cO,b/cO,ref)Exp[-(EC/R)(1/T-1/Tref)] iC0,ref; 
Me=QA/(n h
2
 l); 
kMe=5*10^-4; 
DMe,D,e=0.975 Exp[-(30975/(R T))];(*Fitted to limiting current density in Fig 3 of Chiu, 2011. 
Also preseumably includes the partition coefficient, Subscript[, Me,D], although assumed here 
as unity, and its temperature variation, accounting for the higher activation energy than 
Subscript[D, Me,W]*) 
PMe,D,e=1/(LD/(Me,D DMe,D,e)+1/kMe); 
O=QC/(n h
2
 l); 
kO=2.696 DO,E/h; 
qW=0.5 (*or 0.4*)(*for liquid feed this is high and should be virtually independent of 
current*)(*For vapor feed, may assume Subscript[q, W]=2.0 y assumed proportional to water 
flux or current*); 
PO,E,e=1/(LE/(O  (1-Subscript[q, W])
1.5
 DO,E)+1/kO); 
iAL=6F PMe,D,e cMe,b ; 
iCL=4F PO,E,e cO,b; 
iX,Me,L=Me,B (6F)/LB ( ) cMe,b; 
PO,D,e= /LD DO,W O; 
iX,O=4F cO,b(PO,D,e+ /LB DO,W O); 
iX,Me=((iX,Me,L+3 (Me,B/Me,D) xMe,b y)(1-y/iAL))/(1+1/iAL (iX,Me,L+3 (Me,B/Me,D) xMe,b 
y)); 
A=(R T)/(A A F) ArcSinh[(y+iX,O)/(2 iA0)/(1-(y+iX,O)/iAL)(1+1/iAL (iX,Me,L+3 
(Me,B/Me,D) xMe,b y))]; 
C=(R T)/(C C F) ArcSinh[(y+iX,Me)/(2 iC0)/(1-(y+iX,Me)/iCL)]; 
B=y (LB/B);I=y RI; 
=v0+C; 
V=v0-A+C-B-I; 
P=V y; 
q=(y+iX,Me+iX,O) vma-P; 
=P (1/ vma)(1/(y+iX,Me+iX,O))100; 
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APPENDIX 3: MSDS SAFETY SHEETS 
Liquid Methanol 
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Methanol Gel 
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